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Perinatal inflammatory stress is strongly associated with adverse pulmonary outcomes

after preterm birth. Antenatal infections are an essential perinatal stress factor and

contribute to preterm delivery, induction of lung inflammation and injury, pre-disposing

preterm infants to bronchopulmonary dysplasia. Considering the polymicrobial nature

of antenatal infection, which was reported to result in diverse effects and outcomes in

preterm lungs, the aim was to examine the consequences of sequential inflammatory

stimuli on endogenous epithelial stem/progenitor cells and vascular maturation, which

are crucial drivers of lung development. Therefore, a translational ovinemodel of antenatal

infection/inflammation with consecutive exposures to chronic and acute stimuli was

used. Ovine fetuses were exposed intra-amniotically to Ureaplasma parvum 42 days

(chronic stimulus) and/or to lipopolysaccharide 2 or 7 days (acute stimulus) prior to

preterm delivery at 125 days of gestation. Pulmonary inflammation, endogenous epithelial

stem cell populations, vascular modulators and morphology were investigated in preterm

lungs. Pre-exposure to UP attenuated neutrophil infiltration in 7d LPS-exposed lungs and

prevented reduction of SOX-9 expression and increased SP-B expression, which could

indicate protective responses induced by re-exposure. Sequential exposures did not
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markedly impact stem/progenitors of the proximal airways (P63+ basal cells) compared

to single exposure to LPS. In contrast, the alveolar size was increased solely in the UP+7d

LPS group. In line, the most pronounced reduction of AEC2 and proliferating cells (Ki67+)

was detected in these sequentially UP + 7d LPS-exposed lambs. A similar sensitization

effect of UP pre-exposure was reflected by the vessel density and expression of vascular

markers VEGFR-2 and Ang-1 that were significantly reduced after UP exposure prior to

2d LPS, when compared to UP and LPS exposure alone. Strikingly, while morphological

changes of alveoli and vessels were seen after sequential microbial exposure, improved

lung function was observed in UP, 7d LPS, and UP+7d LPS-exposed lambs. In

conclusion, although sequential exposures did not markedly further impact epithelial

stem/progenitor cell populations, re-exposure to an inflammatory stimulus resulted in

disturbed alveolarization and abnormal pulmonary vascular development. Whether these

negative effects on lung development can be rescued by the potentially protective

responses observed, should be examined at later time points.

Keywords: polymicrobial infection, vascular disturbances, adverse pulmonary outcomes, endogenous pulmonary

stem cells, bronchopulmonary dysplasia, preterm birth, antenatal inflammation

INTRODUCTION

Perinatal inflammatory stress, including sepsis and mechanical
ventilation are strongly associated with adverse pulmonary
outcomes after preterm birth (1, 2). One of the most frequently
occurring complications after perinatal insults and preterm birth
is bronchopulmonary dysplasia (BPD), a chronic respiratory
disorder of the premature infant. BPD results from a demand of

respiratory support and supplemental oxygen after preterm birth
and histologically manifests as a delay in alveolar growth and an
impairment in vascular maturation (3, 4). Antenatal infections
are an essential factor of perinatal stress and associated with
preterm delivery and induction of lung inflammation and injury,
thereby pre-disposing to BPD (5, 6).

Recently, we showed that timing of antenatal
infection/inflammation and its duration of determine
the extent and location of adverse effects in the preterm
lungs (7). More precisely, we reported attenuated levels of
endogenous stem/progenitor populations and their potential
consequences, including altered surfactant protein expression
and reduced alveolar differentiation in the course of antenatal
inflammation (7).

Antenatal infection is often of polymicrobial nature, with
Ureaplasma (UP) species being the most frequently cultivated
bacteria in human amniotic fluid samples (8). Conceivably,
potential interactions between various consecutive inflammatory
stimuli might modulate the inflammatory response and either
lead to a milder outcome, including a treatable surfactant
deficiency, or more severe adverse pulmonary outcome (BPD) in
the preterm infant. This concept is supported by earlier findings
in different preterm organ systems, showing that sequentially
occurring antenatal inflammatory insults of varying exposure
time points and durations, cause either preconditioning or
sensitization to a consecutive inflammatory hit (9–11). With
respect to the lungs, in utero sequential exposure to antenatal

bacteria and bacteria-derived endotoxins resulted in increased
inflammation, along with exacerbation of vascular disturbances
in very preterm ovine lungs (12). Conversely, in fetuses of
higher gestational age (GA), Kallapur et al. showed that chronic
UP exposure pre-conditioned the immature lungs and thereby
led to a decreased pro-inflammatory response to a subsequent
endotoxin hit (13). The GA of the fetus and the duration of each
antenatal insult have been shown to modulate the responsiveness
of the lung tissue to inflammation and determine the extent of
developmental changes.

Considering the increasing importance of aberrant vascular
development in neonatal lung diseases (14), and recent findings
of endogenous epithelial stem/progenitor cells playing a key role
in the adverse pulmonary development (7, 15), our aim was to
examine the consequences of sequential inflammatory stimuli
on inflammatory read outs and on these crucial developmental
aspects. For this purpose, we used a translational ovine model of
antenatal infection/inflammation with consecutive exposures to a
chronic and an acute stimulus. Ovine fetuses were exposed intra-
amniotically (IA) to live Ureaplasma parvum 42 days (chronic
stimulus) and/or to lipopolysaccharide (LPS) 2 or 7 days (acute
stimulus) prior to preterm delivery at 124 days of gestational
age (dGA). LPS exposure occurred at two different time points,
since historical data report increased inflammatory and injurious
pattern, upon treatment at respectively, 2 and 7 days before
preterm delivery in the preterm ovine lungs (16, 17).

MATERIALS AND METHODS

Study Approval
Animal experiments were approved by the animal
ethics committee of the University of Western Australia
(Perth, Australia).
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Animal Experiments and Tissue Sampling
Procedures of the animal experiments and group allocations
were published previously (10) and are presented in Figure 1.
Study groups included 42 day exposure to UP (UP group), LPS
exposure 2 or 7 days prior to preterm delivery (2d LPS,
7d LPS groups) and combined 42 days pre-exposure to UP
and LPS exposure 2 or 7 days before preterm delivery at 125d GA
(UP + 2d LPS, UP + 7d LPS groups). The 125d of GA in sheep
correspond to the human gestation at ∼31 weeks representing a
moderate preterm neonate with a developing lung at the interface
of the canalicular and saccular phase (18, 19).

Briefly, ultrasound-guided intra-amniotic injections were
used to administer live UP serovar 3 strain HPA5 (Concentration:
2 × 105 color-changing units CCU) and/or LPS (Concentration:
10mg, Escherichia coli 055:B5; Sigma-Aldrich, St. Louis, MO)
at pre-defined time points to 28 time-mated Merino ewes.
Therefore, stock cultures of UP were diluted first in sterile culture
medium and further in sterile saline (1:100). Sterile saline was
also used for the dissolution of LPS and served as a comparable
injection in control animals. After surgical delivery of the fetus,
both, the ewe and the fetus were euthanized.

Pulmonary pressure volume assessment was conducted after
euthanasia. Hereto, an endotracheal tube was introduced into the
trachea and the thoracic cavity was opened to allow expansion of
the lungs. The inflation of the lungs was achieved with air to a
maximum pressure of 40 cm H2O. Lung deflation volumes were
recorded at decreasing pressures starting at 40 cm H2O. Lung
volumes were corrected for the body weight of the fetus (20).

Lung tissue sampling included inflation-fixation of the right
upper lobe (RUL) for 24 h with 10% buffered formalin and snap
freezing of the right lower lobe (RLL). The whole left lung was
used to obtain bronchial lavage fluid.

Histology and Immunohistochemistry
RUL paraffin-embedded lung sections of 4µm thickness were
used for (immuno)histochemical analysis. Tissue sections were

stained with hematoxylin and eosin (H&E) for histological
evaluation. In addition, the following cellular markers were
visualized: CD45 for hematopoietic cells (1:500, MCA2220GA,
Biorad, Hercules, CA), PU.1 for differentiating monocytes
(1:400, Santa Cruz Biotechnology, H0503), myeloperoxidase
for neutrophils (MPO, 1:500, A-0398, Dako, Santa Clara,
CA), tumor protein 63 for basal cells (P63, 1:8000, ab124762,
Abcam), keratin 14 for differentiating basal cells (KRT-14, 1:1000,
905301, Biolegend, San Diego, CA), thyroid transcription factor-
1 for Club and alveolar epithelial type (AEC) 2 cells (TTF-1,
1:8000, WRAB-1231, Seven Hills Bioreagents, Cincinnati, OH)
and Ki67 for proliferation (1:1000, 15580, Abcam, Cambridge,
UK) (7, 12, 16, 21). Immunohistochemical protocols were
performed as previously published, while the PU.1 protocol was
modified for optimal signal emission. Briefly, lung sections were
deparaffinized in xylol and decreasing ethanol series. Blocking
of endogenous peroxidase activity was achieved by incubating
in 0.3% H2O2 in 1xPBS for 20min. For antigen retrieval,
lung sections were boiled 5min in citrate buffer (pH 6.0). To
prevent aspecific binding of antibodies, sections were incubated
with 5% bovine serum albumin in 1xPBS for 30min. The
primary antibody, PU.1 in 0.1% BSA/1xPBS, was added and
incubated over night at 4◦C. Next, sections were incubated for
1 h with biotin-labeled secondary Swine-anti-Rabbit antibody
(1:200, E0353, Dako) in 0.1% BSA/1xPBS. Vectastain ABC Elite
kit (PK-6100, Bio-connect) was used for the enhancement of
the anti-body specific signal for 30min. Tissue visualization was
performed with diaminobenzidine staining for 90 s, followed
by a counterstaining with hematoxylin for 20 s. Sections were
dehydrated and coverslipped.

Immunohistochemical Analyses
Methods for the analyses of immunohistochemical experiments
have been published previously (7). Results for P63+, KRT-14+
and TTF-1+ cells were presented as cells per bronchus ring of

FIGURE 1 | Study design of translational ovine model for antenatal stress. Ultrasound-guided intra-amniotic injections were used for the administration of saline, UP

and LPS. Lambs were delivered preterm at 125d GA (150d term).
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proximal or distal airways, respectively. TTF-1+ and Ki67+ cells
in alveoli were depicted as cells per high power field (HPF).

A magnification of 200x was used for PU.1 quantification
and five randomly chosen pictures of alveoli (area of interest)
were taken with a light microscope (Leica DM2000, Rijswijk,
the Netherlands) and the Leica Application Suite 3.7.0 software
(Leica Microsystem, Wetzlar, Germany). Alveolar region
included the alveolar walls, alveolar airspaces and perivascular
space. Analyses are presented as cells per HPF.

The wall-to-lumen ratio was determined on H&E sections,
whereby vessels accompanying terminal bronchioles and an
external diameter of<50µmwere investigated at amagnification
of 400x. Five randomly chosen vessels were used and the wall-to-
lumen ratio was calculated as media wall thickness divided by the
radius of the vessel lumen (12).

Mean linear intercepts (MLI) and vessel density were also
examined on H&E sections. Hereby, five and 10 images were
taken randomly throughout the alveolar region, respectively for
the MLI and the vessel quantification. In both cases bronchi and
vessels (>50µm external diameter) were excluded.

For the MLI assessment the ImageJ software (ImageJ 1.52i
software, Bethesda, MD, USA) was used and images were
superimposed with a 50 × 50µm transparent grid. On five
horizontal lines the intersections of the alveolar wall with the grid
lines were counted. The MLI was determined according to the
formula MLI = 2 × (Ltot/Lx), whereby, Ltot is the total length of
all five lines and Lx is the total amount of intersections counted
(22). Results are presented as micrometer of alveolar size.

With regard to the vessel quantification, all vessels, which
were not accompanying a bronchus and had an external diameter
<50µm were counted (23). Surface area of alveolar tissue
was determined with the Leica QWin Pro V3.5.1 software
(Leica Microsystem) and results are displayed as vessels per
square millimeter.

For all immunohistochemical stainings, as well as lung gas
volumes, wall-to-lumen ratio, MLI and vessel quantification, the
control values were presented as median and depicted as dotted
line in all figures. Additionally, individual control values are
provided in the Supplementary Table 1.

RNA Extraction and Real-Time PCR
Snap frozen RLL tissue was used for RNA isolation, transcribed
and amplified for the following genes (12, 21, 24): interleukin
(IL)−6, IL-8, SRY-related HMG-box (SOX)−2, SOX-9,
surfactant proteins (SP) -A, -B, -C, -D, aquaporin (Aqp) 5,
vascular endothelial growth factor (VEGF) -a, VEGF receptor
(VEGFR)−2, Angiopoeitin (Ang)−1, tyrosine-protein kinase
receptor (Tie)-2, ribosomal protein S15 (RPS15), Glyceraldehyde
3-phosphate dehydrogenase (GAPDH) and Human 14-3-3
protein zeta/delta (YWHAZ). Due to limited availability of lung
tissue, mRNA analysis could not be performed for all animals
(some experimental groups miss 1-2 animals). RT-PCR data
were converted with the LinReg software and normalized to
the Geomean of the housekeeping genes RPS15, GAPDH and
YWHAZ. Mean fold changes were calculated with the saline
control values set at one. For all RT-PCR results the control

FIGURE 2 | Cytokine and chemokine expression are increased after exposure

to 2d LPS and UP + 2d LPS in preterm ovine lung tissue. Fold changes in

mRNA levels for IL-6 (A) and IL-8 (B) are depicted against saline. The median

saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001

compared to saline and UP.

values were presented as median and depicted as dotted line in
all figures.

Statistical Analysis
A non-parametric analysis of variance (ANOVA) followed by
the post-hoc analysis Dunn’s Multiple Comparison Test and a
significance threshold of p < 0.05 were used to determine the
statistical significance of the results (17). Results are displayed
as median and interquartile range (IQR). P-values between 0.05
and 0.1 were interpreted as biologically relevant, as described
previously (17). Significant changes toward the control groups
were presented with asterisks, while differences between the
experimental groups were shown with bars and asterisks.

RESULTS

LPS Exposure Increases Pulmonary
Inflammation, Which Is Not Further
Modulated by Pre-exposure to UP
Single exposure to LPS resulted in increased immune activation
when compared to control lambs, which was most pronounced
in the 2d LPS-exposed lambs (Figure 2). In UP-exposed lambs,
signs of increased inflammation were restricted to increased
neutrophil infiltration. UP exposure prior to LPS exposure did
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not affect the observed increased expression of IL-6 and IL-8 after
treatment with LPS alone.

With regard to immune cell infiltration, the increased number
of CD45+ immune cells reported in 2d LPS-exposed animals
(Figure 3A), was also not affected by prior exposure to UP.
Further, single and sequential inflammatory insults did not
change the numbers of differentiating macrophages in the
pulmonary tissue (Figure 3B). In addition, pre-exposure to UP
did not significantly affect the increased number of neutrophils
observed in the 2d LPS groups (Figure 3C). However, UP + 7d
LPS showed that neutrophil numbers were attenuated to values
similar to baseline levels (Figures 3D–F).

Pre-exposure to UP Normalizes SOX-9
Expression, but Does Not Impact
Stem/Progenitor Cell Responses, After an
Initial Insult With LPS
Reduced numbers of endogenous stem/progenitor cell
populations of the proximal airways have been reported
after intra-amniotic exposure to LPS (7). Here, after sequential
insults with UP and LPS no further reduction in P63+ and
KRT-14+ cell numbers, as well as SOX-2 mRNA levels, were
observed (Figure 4).

In distal airways, UP and 7d LPS exposure alone decreased
SOX-9 mRNA significantly (Figure 5A), while pre-exposure to
UP in 7d LPS-exposed animals prevented a decrease in SOX-
9 mRNA levels by a 3-fold increase in its expression. Club cell

numbers were decreased in UP, 2d and 7d LPS groups, as well as
in the UP+ 2d LPS and UP+ 7d LPS animals (Figures 5B,D–F).
The number of AEC2 was significantly decreased in UP-infected
animals, as well as in UP + 2d LPS and UP + 7d LPS animals
compared to control (Figures 5C,G–I). Sequential exposure to
UP and LPS did not further affect Club cells. In contrast, the most
significant reduction in AEC2 numbers was observed in UP+ 7d
LPS-exposed animals.

Prenatal Inflammation Affects Vascular
Growth and Angiogenesis After Single
Insults and UP Pre-exposure Sensitizes
Vascular Disturbances to a Second
Inflammatory Insult, Resulting in a Lower
Vascular Density
Vascular remodeling is a common hallmark of BPD and has been
found in models of pre- and postnatal inflammation. Here we
assessed if single as well as sequential exposure induce vascular
changes in preterm ovine lungs.

Vascular development and angiogenesis were influenced by
prenatal inflammation as evidenced by a significant drop in
mRNA levels of VEGFa after single exposure to UP or LPS
(Figure 6A). Pre-exposure to UP similarly decreased mRNA
levels of VEGFa in the UP + 2d LPS group, whereas the mRNA
levels were normalized to control in the combined UP + 7d
LPS group. VEGFR-2 mRNA levels were significantly reduced
in 7d LPS and UP + 7d LPS-exposed animals (Figure 6B).

FIGURE 3 | Single and sequential exposure induce immune cell infiltrations in the lung tissue, whereas neutrophil numbers are attenuated after UP + 7d LPS

exposure. CD45+ immune cells (A), PU.1+ macrophages (B) and MPO+ neutrophils (C) were quantified in alveoli and are presented as cells per HPF. The median

saline value is represented as dotted line. Representative images are shown for MPO in saline (D), 7d LPS (E) and UP + 7d LPS (F) groups. Image magnification is

200x, scale bar 100µm. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline, UP and 7d LPS.
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FIGURE 4 | No further changes are observed in basal cells of the proximal airways after single and sequential antenatal inflammation. (A) SOX-2 fold changes in

mRNA levels are depicted against saline. P63+ (C) and KRT-14+ (B) basal cells were quantified in proximal airways and are presented as cells per bronchus. The

median saline value is represented as dotted line. Representative images are shown for P63 in saline (D), 7d LPS (E) and UP + 7d LPS (F) groups. Image

magnification is 200x, scale bar 100µm.

Although mRNA levels of VEGFR-2 were unaffected in the 2d
LPS group, they were significantly lower in the UP + 2d LPS
group compared to control, UP and 2d LPS-exposed animals.
Ang-1 mRNA levels were not changed by single exposure to
chronic or acute triggers, but showed a significant drop in both
sequential exposure groups (Figure 6C). Tie-2 mRNA levels were
increased in UP and 7d LPS groups and were unaffected after
sequential exposure (Figure 6D).

These changes on mRNA level of the studied vascular and
angiogenic markers prompted us to determine vessel density in
the alveolar walls. While UP exposure alone did not alter the
density of vessels, 2d LPS exposure decreased the number of
vessels significantly by half compared to the control (Figure 6E).
Pre-exposure to UP before (2 and 7d) LPS attenuated the vascular
density even more prominently than LPS exposure alone.

Although changes in vascular and angiogenic markers were
detected and the density of vessel reduced after prenatal
inflammation, no alterations were measured in the wall-to-
lumen ratio of the vessels by single or sequential inflammatory
insults (Figure 6F).

Developmental Alterations Found in Alveoli
Are Most Prominent in UP + 7d LPS
Exposed Lambs
Given the AEC2 alterations, we further assessed the alveolar
development after sequential antenatal inflammation in terms of
proliferation (Ki67) and differentiation (Aqp5) in the alveolar
walls (Figure 7).

7d LPS and UP + 7d LPS exposure resulted in a significant
drop to half of the amount of proliferating cells compared to the
control group (Figure 7A). AEC1 were significantly decreased
by half in the UP + 2d LPS group compared to control levels
(Figure 7B). Additionally, while 7d LPS exposure decreased
Aqp5 mRNA levels, sequential exposure did not result in a
significant drop. With regard to the MLI, UP, and LPS exposure
alone did not impact alveolar growth, whereas the exposure to
UP followed by LPS 7 days before delivery increased the MLI.
This result is consistent with the more significant decreased
proliferation in the UP + 7d LPS group and the lower number
of AEC2 in the same group when compared to single exposure
with LPS (Figure 7C).

Sequential Exposure to UP and LPS Has
Additional Impact on mRNA Levels of
Surfactant Proteins Compared to Single
Inflammatory Insults, but Does Not Affect
Lung Mechanics
As stem/progenitor cell numbers dropped in the distal lung
compartments and sensitization of vascular signaling was
observed, we further assessed the effects of sequential antenatal
insults on functional parameters, including surfactant synthesis
and lung mechanics (static lung compliance).

While chronic UP exposure did not alter surfactant mRNA
levels, we did see that 2d, 7d LPS groups, as well as pre-
exposure with UP + 2d and +7d LPS caused an increase in
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FIGURE 5 | Pre-exposure to UP before the 7d LPS exposure normalizes SOX-9 expression but does not further impact stem/progenitor populations of the distal lung.

(A) SOX-9 fold changes in mRNA levels are depicted against saline. TTF1+ (B) Club cells were quantified in distal airways and presented as cells per bronchus, while

TTF-1+ (C) AEC2 were counted in alveoli and are presented as cells per HPF. The median saline value is represented as dotted line. Representative images are

shown for Club cells in saline (D), 2d LPS (E) and UP + 2d LPS (F) groups, and for AEC2 in saline (G), UP (H) and UP+2d LPS (I) animals. Image magnification is

200x, scale bar 100µm. *p < 0.05, ***p < 0.001 compared to saline, UP and 7d LPS.

mRNA levels of SP-A compared to controls and UP exposure
(Figure 8A). UP pre-exposure pre-conditioned to 2d and 7d LPS
exposure and thereby significantly increased mRNA levels of SP-
B, whereas UP, 2d or 7d LPS groups did not result in mRNA
changes (Figure 8B).

mRNA levels of SP-C were significantly increased in UP
+ 7d LPS groups, as were mRNA levels for single 7d LPS
exposure (Figure 8C).

UP + 2d LPS exposure increased mRNA levels for SP-D
compared to control and UP alone (Figure 8D). In contrast,
UP + 7d LPS groups showed normalized SP-D mRNA levels
compared to 7d LPS exposure alone.

Lung gas volumes were significantly increased at applied
pressures of 0 cmH2O (data not shown) and 40 cmH2O in 7d LPS
(10-fold) and UP + 7d LPS groups (4-fold) (Figure 8E). UP +

2d LPS exposure resulted in significantly lower lung gas volumes
compared to UP alone.

DISCUSSION

There is increasing evidence that structural and functional
abnormalities of the developing lungs that are provoked during
pregnancy by inflammatory triggers, can contribute to postnatal
lung pathology (25, 26). However, the mechanisms underlying
these antenatal alterations remain largely unknown.

As an essential driver of lung development, endogenous
epithelial stem/progenitor cells might play a role in prenatal
maldevelopment of the lungs following inflammatory stressors
(15, 27). Previously, we demonstrated fewer endogenous
stem/progenitor populations as well as potential consequences
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FIGURE 6 | Sequential exposure to UP sensitizes vascular marker VEGFR-2 and Ang-1 to secondary LPS exposure and reduces the vascular density in alveolar

tissue. VEGFa (A), VEGFR-2 (B), Ang-1 (C) and Tie-2 (D) fold changes in mRNA levels are depicted against saline. (E) Vascular quantification (for vessels <50µm

diameter) was performed and corrected for surface area of alveolar tissue. (F) Wall-to-lumen ratio was measured and calculated from small vessels (<50µm

diameter). The median saline value is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline, UP and 2d LPS.

thereof, including reduced alveolar differentiation, in the course
of antenatal inflammation. Importantly, distinct stem cell
changes in fetal ovine lungs were influenced by the timing and
duration of a single chronic or acute inflammatory insult (7).

Clinically, perinatal organ development is frequently affected
by multiple and repetitive inflammatory triggers, including
infections, hypoxia, sepsis and mechanical ventilation, with
serious consequences for the fetus/neonate. Clinical and pre-
clinical studies have associated prenatal polymicrobial infections
with a diversity of clinical outcomes (28, 29). This diversity
in outcomes is difficult to estimate and therefore treatment

of preterm infants might start too late to avoid serious
postnatal problems. Apart from the microorganisms involved,
investigating the effect of multiple inflammatory events during
pregnancy is of great importance to understand their influences
and impact on prenatal lung development. Prenatal infections,
but also different maternal stressors and the event of birth are
inevitable incidences that induce inflammation and that the fetus
consequently has to cope with (30).

A prerequisite of studying multiple stressors is, to first
determine the effects of the single components, which we have
reported recently (7). In the current study, we extended our
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FIGURE 7 | Developmental alveolar alterations are most prominent in UP + 7d

LPS exposed lambs. (A) Ki67+ cells were quantified in alveoli and shown as

cells per HPF. (B) Aqp5 fold changes in mRNA levels are depicted against

saline. (C) The MLI was determined in alveolar tissue and represents the

alveolar size in micrometer. The median saline value is represented as dotted

line. *p < 0.05, **p < 0.01, ***p < 0.001 compared to saline.

previous findings by investigating the effect of multiple sequential
insults on important development processes in the preterm lungs
and thereby increased the clinical relevance of this pre-clinical
model. Moreover, we additionally examined consequences of
single and multiple inflammatory events with respect to alveolar
morphology and pulmonary vascular development in relation to
altered stem/progenitor cell populations, mediators of vascular
development and immunological changes.

Our study revealed that the strongest reduction of AEC2
and proliferating cells (Ki67+) was detected in lambs that
were sequentially exposed to UP and 7d LPS. In line with
this observation, decelerated alveolar growth was exclusively
seen in this experimental group, indicated by increased MLI.
Importantly, although single exposure to inflammatory stimuli

did not result in significant morphological abnormalities, it
negatively impacted epithelial stem/progenitor cell populations.
These combined findings indicate that single inflammatory
hits already negatively affect epithelial stem/progenitor cell
populations including their function and numbers, a process that
can be further aggravated when sequential inflammatory hits
exert their negative effects synergistically. In this study, SOX-
9 expression levels in the different experimental groups are of
particular interest. SOX-9 expression is restricted to progenitor
cells and disappears after proliferation and differentiation into
different AEC2 subtypes (31, 32). The acquired single hit
exposure data, which showed a reduction of SOX-9 expression
in both the UP and LPS group, might potentially be responsible
for reduced proliferation and reduced number of TTF-1+ AEC2
in developing alveoli. Of interest, consecutive hits with UP
and (7d) LPS prevented a decrease in SOX-9 mRNA, while it
caused the most pronounced reduction of TTF-1+ AEC2 and
the number of proliferating cells, which was accompanied by an
increased MLI. This finding potentially reflects a compensatory
function for SOX-9 expression to counteract the reduced number
of AEC2 with the pre-exposure to UP. It might be a timing
effect that this compensatory function of SOX-9 did not initiate
sufficient proliferation and differentiation yet to reverse the
reduced number of AEC2. Such protective effects of SOX-9
have previously been observed in an acute lung injury (ALI)
model, where SOX-9 was activated in the post-ALI phase and
assumed to promote recovery of the damaged lungs (33). This
scenario is currently investigated in ongoing postnatal studies.
On the other hand, there are multiple transcription factors and
developmental pathways involved in the complex process of
distal lung development, which themselves potentially attenuated
proliferation and growth of alveoli (34, 35). In this study, we
also examined the pulmonary vasculature, due to its increasing
importance in the development of BPD (36). Sequential
inflammatory exposures negatively affected the growth and
expansion of pulmonary vessels indicating that UP exposure
primarily sensitizes animals that were subsequently exposed
to 2d LPS. Consistent with this morphological observation,
the pro-angiogenic and vascular factors, Ang-1 and VEGFR-2,
were reduced by single inflammatory triggers and pre-exposure
to UP sensitized these markers to a secondary insult with
LPS. Moreover, VEGFa was decreased in all treatment groups,
including this UP + 2d LPS group, which is further indicative
for impaired vascularization. These current vascular changes
after antenatal stress confirm and extend findings in a previous
sequential hit study that was conducted at an earlier gestational
age (94d GA in lambs, corresponding to extreme preterm infants
in the canalicular stage of lung development) (12). These vascular
disturbances, comprising decreased VEGFR-2 and Ang-1 mRNA
levels after sequential exposure, seemed not affected by the GA
of the fetuses, as comparable results were found in 94d and 125d
GA fetuses. In addition, in both studies these disturbances were
not associated with vascular remodeling in the preterm lungs
(7, 12). Clinically, reduced and dysmorphic capillary networks
have been reported in various BPD cohorts (37). Combined,
the antenatal angiogenic data point toward a disturbed
capillary network, which might be at the origin of postnatal
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FIGURE 8 | Sequential exposure to UP normalizes SP-B expression after 7d LPS. SP-A (A), SP-B (B), SP-C (C) and SP-D (D) fold changes in mRNA levels are

depicted against saline. (E) Lung gas volumes of a pressure of 40 cm H2O are corrected for the bodyweight of the fetus and shown as ml/kg. The median saline value

is represented as dotted line. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 compared to saline, UP and 7d LPS.

adverse vascular development, an aspect that warrants further
investigation (36).

In contrast to the attenuated alveolar growth and reduced
vasculature, we observed a protective effect of sequential
exposure with regard to surfactant synthesis, in particular SP-A
and SP-B. Hereby increased SP-A and SP-B expression was found
in UP+ 2d LPS and UP+ 7d LPS exposed animals, respectively,
changes that were not as prominent in animals exposed to a single
inflammatory trigger.

Our findings on SP-B expression are largely recapitulated by
the observed inflammatory changes; Significant inflammatory

changes were restricted to the number of neutrophils, which were
attenuated in the 7d LPS group when they were pre-exposed to
UP. It is tempting to speculate that this immune modulatory
effect of UP, which has been described earlier by Kallapur et al.
(13), might be involved in the protective effects on SP-B.

The essential role of SP-B in the survival of preterm infants
at birth has been emphasized by various clinical studies (38).
Chang et al. showed that a deficiency in SP-B through gene
polymorphisms increased the risk to develop severe/lethal
respiratory distress in preterm neonates (39, 40). Additionally,
75% of preterm infants with need for ventilation have been shown
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to have surfactant deficiencies in tracheal aspirates with 80%
reduction in SP-B (41, 42). This key role of SP-B is attributed to
its important function in the stabilization of the monolayer lipid
films of surfactant, as well as in the absorption of lipids to the
air/liquid interface (43, 44). Therefore, the increased SP-BmRNA
levels, found after sequential insults with UP and LPS, might
be an attempt to counteract the inflammation-driven changes,
including decreased AEC2 numbers.

Besides this potentially protective effect of SP-B, also the
increased expression of SP-A in UP pre-exposed animals (prior
to 2d LPS) might indicate a beneficial effect. In the clinical
situation and pre-clinical models, a deficiency in SP-A has
been associated with an increased risk of BPD development in
preterm neonates (24–29 week of GA) and immature baboons
that received ventilation (45, 46). Additionally a reduced amount
of SP-A mRNA has been reported in premature baboons with a
BPD phenotype (47). These findings reveal a strong association
between reduced SP-A proteins and BPD development. Through
its important role in lung host defense, SP-A has been shown
in vitro to promote increased ureaplasmacidal phagocytosis of
UP isolates (from the BAL of premature infants with BPD) by
murine macrophages (RAW 264.7) (48). Moreover, in in vivo
studies, SP-A deficient mouse strains have been shown to display
more excessive pulmonary inflammation after intra-tracheal UP
administration compared to wild type controls. In these deficient
SP-A mice also the clearance of UP occurred at a later time
point (49). Taken together, the increased expression of SP-A after
sequential exposure of UP and LPS could be interpreted as a
means to eliminate UP from the preterm lungs.

Interestingly, these combined changes of increased SP-
B and SP-A expression that suggest a protective effect by
prior UP infection, did not overlap with improved lung
function that was found to be significant in UP, 7d LPS,
and UP + 7d LPS-exposed lambs. Moreover, this improved
lung function was paralleled at the studied time points by
detrimental alterations of stem/progenitor cells. This apparent
lack of uniformity might be caused by a timing effect, but
it most likely provides supporting evidence for the concept
that perinatal inflammation improves lung function at the
expense of inducing peripheral lung abnormalities, including
decreased number of large and simplified alveoli, and abnormal
pulmonary vascular development, predisposing to adverse
postnatal pulmonary outcomes.

Besides the effects of consecutive inflammatory insults on
lung development, also other immature organ systems are
affected. The impact of multiple insults has been investigated
in the preterm brain and gastrointestinal system. In particular,
inflammation in the brain was less pronounced in LPS-
exposed lambs when they were pre-exposed to UP. Additionally,
the protective effect of UP was associated with reduced
epigenetic changes (10). Sequential exposure of UP and
LPS in utero did not amplify injury in the gastrointestinal
and the enteric nervous system, that was caused by single
exposure to UP or LPS (11). Taken together, these studies
reflect the diversity in organ responses and outcomes after
exposure to different infectious triggers (50). Additionally, also
timing and duration of antenatal inflammatory triggers play

a crucial role in the susceptibility of other organs and cells.
Close monitoring of antenatal infection and inflammation is
necessary for optimal risk classification of postnatal organ
outcomes (10).

Regardless, these observed in utero alterations in essential cell
populations, developmental factors and pulmonary morphology
might render the preterm lungs more susceptible to sequential
postnatal insults. Previously, it was shown that postnatal hits,
including mechanical ventilation and oxygen supplementation,
resulted in a decreased differentiation and proliferation potential
in isolated lung endogenous stem cells (51). Postnatal cohort
studies, using BPD and RDS samples, have also shown that
preterm birth combined with common clinical practices, like
oxygen supplementation and ventilation, resulted in decreased
AEC2 and Club cell numbers, positive for TTF-1 (52, 53).
Similarly, vascular abnormalities are a key hallmark of BPD
and have been shown to be driven by perinatal insults (14,
36, 37). In a hyperoxia-induced BPD rat model, a lower
capillary density was associated with reduced expression of
VEGF and VEGFR-2 (54). Reduced and disorganized capillary
development has further been reported in baboon models for
BPD after interventional series of ventilation and supplemental
oxygen (55).

The ovine pre-clinical model, which resembles the human
in utero situation very closely, enables investigation of
developmental disturbances in a prenatal inflammatory
setting. The relatively long gestation of sheep, in which
developmental stages occur similar as in humans, enables the
precise interference in these stages (18, 19). In addition, microbial
exposure can be exactly timed and thereby clinical inflammatory
settings (chronic and acute) can be mimicked accurately.
Another benefit of this study was the use of clinically relevant
microorganisms, such as UP. Although LPS is not a living
microorganism and specific microorganism-related responses
might be missed, this Escherichia coli-derived endotoxin is a
potent inducer of inflammation and therefore used to mimic
clinical situations of acute inflammation. LPS responses are
well-defined and accordingly less heterogenicity in responses is
detected (56, 57).

Besides the advantages of the model and study, there
are also some limitations. In the current study epithelial
stem/progenitor populations have been investigated with the
use of basic stem cells markers (P63, KRT-14, and TTF-1).
However, the observed disturbances might be unique and
restricted to a specific subpopulation. Additional examination
with more extended techniques, such as cell sorting by FACS
and single cell sequencing, would be informative to better
define and understand the response of such subpopulations of
stem/progenitor cells in the context of prenatal inflammation.
Furthermore, considering the observed disturbances in
vascular modulators, future investigations should include
examination of endothelial stem/progenitor cell alterations.
Moreover, fixed time points of intra-amniotic exposure to
Ureaplasma or LPS were used, which did not enable us to
dissect the effects of prenatal inflammation on extremely,
moderate and late preterm organs. Importantly, the postnatal
consequences of the observed in utero stem/progenitor
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cell changes are currently addressed in a postnatal follow
up study.

Consistent with previous findings from our group and
others, endogenous epithelial stem/progenitor cell populations
are attenuated by perinatal inflammatory triggers (7, 58).
Additionally, single inflammatory hits during pregnancy
are also known to impair vascular growth (59). In the
current study, we extended these findings by investigating
the effects of sequential antenatal insults on alveolar growth
and vascular maturation. We showed that exposure to a
single inflammatory trigger already negatively impacts
epithelial stem/progenitor cell populations including their
function and numbers. This process was further aggravated
by re-exposure to an inflammatory stimulus, resulting in
disturbed alveolarization and abnormal pulmonary vascular
development. The question whether these negative effects
on lung development can be rescued by the potentially
protective responses observed, will be addressed in an ongoing
postnatal study.

Collectively, our data indicate that the type, timing and
duration of antenatal stress determine the pulmonary
outcome during pregnancy in the context of antenatal
infections. Importantly, responses within the lungs can
vary between lung compartment and cell types. Unraveling
and linking the impact of antenatal and postnatal insults
on the preterm lungs is of great importance to expand our
understanding of the complex and multifactorial nature
of BPD.
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